Self-assembled semiconductor quantum nanostructures are currently deeply investigated because of their potentiality as building block for novel quantum optical and optoelectronic devices \[[@B1]-[@B4]\]. Several promising applications in these fields, such as single photon source for quantum cryptography \[[@B1]\], quantum bits \[[@B4]\], or quantum logical elements \[[@B3],[@B4]\], require the coherent manipulation of the carrier population in the adjacent quantum nanostructures. Within this scenario, quantum rings have several interesting peculiarities. First, unlike quantum dots, the quantum ring ground state total angular momentum changes from zero to non zero by increasing the magnetic field \[[@B5],[@B6]\]. This also results in a peculiar energy dispersion of the excitons for different ring radius. Second, since charge tunneling between states of different angular momentum is strongly suppressed by selection rules, double concentric quantum rings eventually offer the control of effective coupling of direct-indirect excitons \[[@B7]\]. The possibilities to control the coupling between different rings is indeed of the utmost relevance in the research of semiconductor-based quantum computational devices.

The recent success in self-assembly of single and multiple concentric quantum rings by Droplet Epitaxy (DE) \[[@B8],[@B9]\] has provided suitable semiconductor nanostructures for the investigation of these fundamental physical effects.

Droplet epitaxy \[[@B10],[@B11]\] is a flexible growth method, based on Molecular Beam Epitaxy (MBE), which allows for the fabrication of a large variety of three dimensional nanostructures with different geometries, such as quantum dots \[[@B12]\], quantum dot molecules \[[@B13]\], quantum rings \[[@B8],[@B14]\] and coupled disk-ring structures \[[@B15]\]. The intrinsic design flexibility of the DE is permitted mainly by the splitting in time of the III-column and V-column element supply. This allows an independent choice, for each of the two elements, of specific growth conditions.

We have recently reported the possibility to fabricate multiple (up to five) concentric quantum ring structures \[[@B9]\]. Here we present the detailed micro and time resolved photoluminescence characterization of the optical and electronic properties of one of such DE quantum nanostructures, made by three concentric quantum ring (TCQR).

The TCQR fabrication was performed following the recipe reported in Ref. \[[@B9]\] in a conventional GEN II MBE system on GaAs (001) substrates. After the growth of a 750 nm-thick GaAs buffer layer and of a 200 nm-thick Al~0.3~Ga~0.7~As barrier layer at 580°C, the substrate temperature was decreased to 350°C and the As valve closed. At the same temperature a Ga molecular beam equivalent to the formation of 10 ML of GaAs in presence of As was supplied to the substrate surface, leading to the formation of numerous nearly hemispherical Ga droplets. Their average diameter and height were around 80 nm and 35 nm, respectively, while the density was estimated to be around 8 × 10^8^cm^-2^. After the formation of Ga droplets, the substrate temperature was decreased to 250°C and an As BEP of 8 × 10^-7^Torr was supplied for 20 seconds for the partial crystallization of the original droplets into GaAs. Finally the substrate temperature was increased to 300°C and the sample surface was irradiated by the same As BEP (8 × 10^-7^Torr) for 20 minutes, in order to ensure the complete reaction of metallic Ga with As. At the end of the procedure, clear concentric triple rings structures with good rotational symmetry appeared, with inner, middle and outer ring diameters of around 80 nm, 140 nm and 210 nm respectively, while heights were around 7 nm for the inner rings, 4 nm for middle rings and 3 nm for the outer rings. Atomic force microscopy (AFM) image and the corresponding cross sectional height profile are reported in Figure [1](#F1){ref-type="fig"}). The TCQRs showed an elongation of around 11% along the $\left\lbrack {0\overline{1}1} \right\rbrack$ direction which might be due to the anisotropic diffusion of Ga on GaAs (001) surface \[[@B16],[@B17]\]. The inner ring in TCQRs nearly showed the same diameter respect to the original Ga droplet and the density of the TCQRs structures was equal to that of the original droplets, confirming that all Ga droplets were transformed into GaAs triple rings at the end of the procedure. After the last As pulse at 300°C, the sample was annealed under As flux at T = 350°C for 10 min. Subsequently the structures were capped with Al~0.3~Ga~0.7~As for carrier confinement (20 nm at 350°C by migration enhanced epitaxy \[[@B18]\], 40 nm by standard MBE at 580°C). A thin layer of GaAs grown at 580°C capped the structure. The sample was then annealed at 650°C for 1 hour in the MBE chamber, to improve the quality of the structure, just after the growth \[[@B19],[@B20]\].

![**Left Panel: AFM image of the as grown sample before AlGaAs capping showing TCQRs; Right Panel: AFM profile of a single TCQR**.](1556-276X-6-569-1){#F1}

The ensemble optical emission of TCQR structures is shown in Figure [2](#F2){ref-type="fig"}. The photoluminescence was measured at T = 15 K and excited with a green laser (*λ*~exc~= 532 nm) at an excitation power density P~exc~= 10 W/cm^2^. A clear emission peak is visible at *E*~A~= 1.56 eV (band A), above the excitonic GaAs signature at 1.519 eV, with a full width at half maximum (FWHM) of 30 meV. A second emission (band B) appears just below the AlGaAs barrier. As shown in Ref. \[[@B21]\] band B is related to a thin GaAs quantum well-like layer which develops during the growth interruption times because of Ga migration from the droplet in a low As background.

![**Low temperature ensemble PL of the TCQR sample**.](1556-276X-6-569-2){#F2}

The micro-PL spectra, recorded with a spot diameter of ≈ 1 *μ*m, show a spatial modulation of the spectra, in the 1.530-1.580 eV window, thus supporting the presence of emission from localized structures (Figure [3](#F3){ref-type="fig"}). The TCQR micro-PL spectra show a broad emission, with FWHM of 15 meV. In our spectra, we expect to simultaneously observe the emission from around ten TCQRs, given the relatively high TCQR density (*ρ*= 8 × 10^8^cm^-2^), and the large spatial extension of the outer ring structures (≈ 200 nm). The spectral differences from site to site should come from a local variation of the size distribution of TCQRs. Even if a limited number of structures is collected from our apparatus, no sharp emission lines from single TCQRs is detected, although this would be expected in the case of DE quantum nanostructures \[[@B22]\].

![**Left panel: Dependence on sample position of the micro-PL emission of the TCQRs**. The spectra were measured at T = 15 K, *λ*~exc~= 532 nm and *P*~exc~= 5 W/cm^2^. The color scale is in arbitrary units. Right panel: Micro-PL spectra at positions corresponding to white lines on the scan.](1556-276X-6-569-3){#F3}

Given the large extension of the ring wave-function, the line broadening is indeed expected to be enhanced in rings respect to dots, due to: i) Confinement energy fluctuations due to size disorder along the ring \[[@B23]\]; ii) The wire-like density of states of the rings in conjunction with state filling effects. All these effects may contribute to the broad emission from the rings. As a matter of fact, broad emission PL bands (of the order of few meV) from DE-ring structures are reported in literature \[[@B23],[@B24]\]. However line broadening in our TCQRs is of the order of 10 meV and a major contribution stemming from spectral diffusion via quantum confined Stark effect induced by charge defects in the TCQR environment \[[@B25]\] is very likely.

Further insights into the emission properties of TCQR may be found by performing state filling experiments. The dependence of the PL of a single TCQR on P~exc~is shown in Figure [4](#F4){ref-type="fig"}. As the power density increases, the PL intensity grows superlinearly. This effect has been attributed in DE nanostructures to the saturation of non-radiative recombination channels in the barrier active during photogenerated carrier diffusion and capture \[[@B19]\]. At the same time, the TCQR PL spectrum shows a high energy shoulder (see band A2, Figure [4](#F4){ref-type="fig"}), whose relative intensity increases with P~exc~, located 20 meV above the fundamental peak.

![**Power dependence of micro-PL spectra of TCQRs**. The excitation laser power P = ~exc~labels each spectrum (Px = 5W/cm^2^.](1556-276X-6-569-4){#F4}

In order to attribute these lines, we performed electronic structure calculations following the method outlined in Refs. \[[@B19]\] within the effective mass approximation. We used the same materials parameters reported in Ref. \[[@B14]\] for GaAs and Al~0.3~Ga~0.7~As. In the calculations, the potential for quantum confinement was derived by the actual shape of a randomly chosen TCQR, measured by AFM and by imposing a cylindrical symmetry to the confining potential. In this framework we took into account the quantized motion of two-dimensional degrees of freedom, i.e., the radial motion, specified by the principal quantum number *n*, and the rotational motion, specified by the angular momentum *J*. The calculated main contributions to the optical transition spectra result from the recombination of an electron-hole pairs characterized by the same quantum numbers and indicated by 〈*nJ*〉. The main differences in energy pertain to states with different *n*. For each value of *n*, a band of closely spaced transitions (differing by *J*) is formed. The predicted TCQR ground state (〈00〉) transition energy is *E*~00~= 1.580 eV. The ground state wavefunction is completely localized in the inner ring (Figure [5](#F5){ref-type="fig"}). The first radial excited state (〈10〉) is located 26 meV above the ground state (*E*~10~= 1.606). The excited state wavefunction is, as for the 〈00〉 case, localized in the inner ring volume, but showing a *p*-like structure. At higher *n*values (see Figure [5](#F5){ref-type="fig"}), it is possible to find states fully localized in the second ring (*n*= 4) and in the third ring (*n*= 7).

![**Left panel: Single-carrier energy levels in TCQR**. Quantization energies for an electron and a heavy hole with the seven lowest radial quantum numbers n and various angular momenta (up to 20) are presented. Right panel: Cross-sectional imaging of electron probability density in TCQR for n = 1, 2, 4 and 7 with J = 0. The line represents the potential of confinement used for calculation.](1556-276X-6-569-5){#F5}

The predicted 〈00〉 transition energy *E*~00~lies well within the A line bandwidth. This allows us to safely attribute band A to the ensemble emission from the TCQR ground states. On the other side, the energy difference between A and A2 bands closely matches the energy difference *E*~10~- *E*~00~= 26 meV. In addition, the P~exc~behavior of band A and A2 is very similar to that shown by quantum dot ensembles where the additional band appearing at high P~exc~is attributed to state filling and radiative emission from the excited states. According to this similarity and our calculation, we attribute band A2 to the 〈10〉 transition. It should be stressed that the linked dynamics between 〈00〉 and 〈10〉 transition stems from the fact that the two states are localized within the same ring, thus showing an agreement with what has been found in single ring structures \[[@B14]\]. In fact, states which belong to different rings, as shown in Double Concentric Quantum Ring Structures \[[@B23]\], show a decoupled dynamics.

Time resolved ensemble PL of the TCQR sample is reported in Figure [6](#F6){ref-type="fig"}. TCQRs show an extremely fast decay time *τ~D~*= 40 ps, to be compared with the usual DE quantum dot and quantum ring values, which range between 300 and 500 ps \[[@B22],[@B23],[@B26]\]. The fast optical response cannot be likely attributed to non radiative processed arising from the defected TCQR barrier, because of the much longer decay times of the GaAs (*τ*~GaAs~= 300 ps) and of the Al~0.3~Ga~0.7~As barrier (*τ*~AlGaAs~= 200 ps), measured in the same sample at the same conditions (Figure [6](#F6){ref-type="fig"}), and denoting the good quality of the grown layers. The puzzling short *τ~D~*should be tentatively attributed to the outcome of an intrinsic decay mechanism in the TCQR such as strong electron-hole overlap and large transition dipole matrix element, even if the presence of parasitic channels inside the TCQR cannot be ruled out and it possibly plays a role.

![**Left panel: Temporally and spectrally resolved images of the TCQR sample**. GaAs and TCQR emissions are labelled. Right panel: Time resolved PL traces of the GaAs, AlGaAs and TCQR emissions.](1556-276X-6-569-6){#F6}

In conclusion, we presented the optical characterization, also time resolved, of a single and of an ensemble TCQRs. The TCQRs are optically active, with a band centered around 1.56 eV. The theoretical calculations, performed in the effective mass approximation, are in good agreement with the experimental results. The three rings in the structure are able to quantum confine the electronic wavefunction within each individual ring. The TCQR show an ultrafast carrier dynamics, with a decay time of only 40 ps. TCQR are then promising self-assembled materials for ultrafast optical switches for high-bit-rate operations.
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